The authors report the effects of Cs doping on the field emission properties of a five-shell single carbon nanotube. The chiral indices of each shell of this carbon nanotube have been determined using nanobeam electron diffraction, which has four semiconducting shells and one metallic shell in the middle. From the Fowler-Nordheim plots, a reduction from 4.8 to 3.8 eV has been observed in the work function of the single carbon nanotube before and after Cs doping. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2420796͔
Carbon nanotubes have attracted considerable interest as future field emission electron sources due to their high aspect ratio and robust structure.
1-3 Carbon nanotubes can be used in a wide range of applications requiring electron emission such as flat panel displays, point electron sources, and x-ray sources. [4] [5] [6] It has been shown that carbon nanotubes have excellent field emission properties such as high brightness, 5 low turn on field, 3 narrow energy distribution, 7 and good stability. 8 However, one disadvantage in using carbon nanotubes is that its work function is high ͑4.6-5 eV͒, 9 ,10 which makes it difficult for electrons to escape and effectively limit the temporal coherence imposed by the energy spread that is ultimately linked to the work function of the emitter. 11 Cesium ͑Cs͒ deposition has been widely used in vacuum microelectronic devices. [12] [13] [14] For large area field emission arrays, Cs vapor coating is a good way to deposit Cs atoms onto the emitters. It has been reported that Cs intercalation in carbon nanotube bundles reduced their work function from 4.8 to 2.4 eV and that the structure is stable in ultrahigh vacuum during electron emission. [15] [16] [17] In this letter, we report the effect of Cs doping on the field emission properties of a single multiwalled carbon nanotube of known chiral indices.
The individual carbon nanotube was grown inside a micron-size carbon fiber by a chemical vapor deposition method. 18 A single carbon fiber was picked up and attached to a tungsten supporting tip and then this fiber was fractured by a mechanical force to expose the contained carbon nanotube. Figure 1͑a͒ is a transmission electron microscope ͑TEM͒ image which shows a single carbon nanotube of length 0.6 m and diameter 8 nm extruded from the carbon fiber.
We used nanobeam electron diffraction to determine the chiral indices ͑u , v͒ of each shell of the carbon nanotube. [19] [20] [21] [22] [23] [24] The perimeter vector of each individual shell is defined by A = ͑u , v͒ = ua 1 + va 2 , where a 1 and a 2 ͑a 1 = a 2 = 0.246 nm͒ are the basis vectors of graphene with an interangle of 60°. Once they are known, the metallicity of the shell can be told from its chiral indices ͑u , v͒: if ͑u − v͒ / 3 is integer, it is metallic and otherwise it is semiconducting. The nanobeam electron diffraction experiments were carried out in a JEM-2010F TEM operated at 80 kV. The diffraction pattern ͓Fig. 1͑b͔͒ was recorded on a charge-coupled device camera with the camera length of 30 cm and exposure time of 30 s. From the TEM images, the inner and outer diameters of this carbon nanotube were estimated to be about 4 and 8 nm, respectively. The chiral indices ͑u , v͒ were determined from the ratios of v / u ratios were measured to be 0.3793, 0.3810, 0.3846, 0.3889, 0.3913, 0.3929, 0.4000, and 0.4091. The exact shell number j and the diameter d j of each shell were determined with the assistance of simulating the intensities on the equatorial layer line. The scattering amplitude on the equatorial layer line from a single shell can be expressed by F͑R͒ = fdJ 0 ͑dR͒, where d is the diameter of the shell and f is the atomic scattering factor of carbon for electrons. For a multiwalled carbon nanotube, the scattered amplitude for equatorial line is
where N is the number of walls and j denotes the jth shell. The equatorial line intensity was simulated by calculating I͑R͒ = ͉F͑R͉͒ 2 . Figure 2͑a͒ shows the simulated equatorial layer line intensity which is sensitive to nanotube's inner diameter and the number of shells. We found that this carbon nanotube has five shells with chiral indices ͑i͒ ͑44, 18͒, ͑ii͒ ͑52, 20͒, ͑iii͒ ͑58, 22͒, ͑iv͒ ͑65, 25͒, and ͑v͒ ͑72, 28͒ as listed in Table I , where the metallicity ͑S: semiconductor; M: metal͒, diameter d, and helicity ␣ are also given. It is interesting to note that all the shells have almost the same helicity and especially that the second shell ͑52,20͒ and the fourth shell ͑65,25͒ have the same helicity which caused the breakdown of the 2mm symmetry in the diffraction pattern. 25 In order to further confirm this, the first layer line intensity profile was also simulated. Although only two shells have the same v / u ratio, the positions of the first layer lines from all the shells are actually very close to each other. In our simulations, we used 25 
I͑R,⌽,l
to obtain the intensity profile of the first layer line ͓l 1 , formed by the graphene ͑01͒ reflection͔ and the results are plotted in Figs. 2͑b͒ and 2͑c͒ , respectively. It clearly shows that I͑R , ⌽ + , l 1 ͒ I͑R , ⌽ , l 1 ͒, indicating a breakdown of the 2mm symmetry as observed experimentally. Field emission measurements were carried out in a vacuum chamber operated at 3 ϫ 10 −8 torr. The fiber-carbon nanotube emitter was first positioned 400 m away from the flat anode. A Cs metal dispenser ͑from SAES͒ was then carefully positioned so that the Cs beam was aimed at the nanotube. When the dispenser was heated up to 600°C, the Cs atoms were released and deposited on the nanotube.
The field emission measurements were first obtained from the pristine nanotube at room temperature. The FowlerNordheim theory 26 describes the field emission process by giving the relationship between the current density J through a potential barrier, the applied voltage V, and the work function of the emitter surface, J = 1.5 ϫ 10 tor ␤ is constant, the slope of the Fowler-Nordheim plot is only proportional to 3/2 . We deduced the work function of the Cs-doped carbon nanotube by comparing the slope of the Fowler-Nordheim plots for a pristine carbon nanotube with the slope for the same nanotube exposed to Cs. The field emission was measured three times to ensure that the Fowler-Nordheim plot was stable and reproducible. All three measurements agreed well and gave a field enhancement factor ␤ = 3.4ϫ 10 6 m −1 with a work function of 4.8 eV for the pristine carbon nanotube as obtained from the generalized gradient approximation ͑GGA͒ calculations and measurements for both metallic and semiconducting nanotubes. 27, 28 Due to its extreme small dimensions, we were not able to measure precisely the concentration of Cs on the single carbon nanotube. Instead, we used the deposition time to label the concentration of Cs. Several sets of field emission data at different deposition times ͑5 min, 20 min͒ were collected and shown in the Fowler-Nordheim plot ͓ln͑I / V 2 ͒ vs 1/V͔ to allow comparisons with the pristine nanotube ͓Fig. 3͑a͔͒. As the deposition time increased, the slopes of FowlerNordheim plots decreased significantly suggesting that the work function had been reduced. The ratio of the slope for the pristine nanotube and that for the nanotube exposed to Cs for 20 min is 1.43, which led to the reduction of the work function of the carbon nanotube from 4.8 to 3.8 eV. After 20 min of Cs exposure, the slope of the Fowler-Nordheim plot stopped decreasing, indicating that the concentration of Cs had reached saturation. We also measured the work function of another Cs-doped single carbon nanotube; the work function was reduced from 4.8 to 3.7 eV ͓Fig. 3͑b͔͒. We noticed that this result is different from that reported by Suzuki et al. 14 where the Cs deposition decreased the work function of multiwalled carbon nanotubes by 2.2 eV. We attribute this difference to the lower concentration of Cs in the single carbon nanotube compared to nanotube bundles. 29 In our experiments, the field emission properties of the single Csdoped carbon nanotube were measured multiple times over a period of more than 2 h and Cs desorption at high emission current was not observed in our experiments.
In the process of Cs doping, we believe that the Cs atoms were mostly deposited on the outermost shell and the tip of the carbon nanotube. As a result, the Fermi energy of the carbon nanotube is shifted toward the vacuum level to lower its work function.
In summary, the chiral indices of a five-shell carbon nanotube have been determined which has four semiconducting shells and one metallic shell in the middle ͑Table I͒. The work function for this nanotube has been measured as a function of Cs doping and we found that the work function of this nanotube was reduced from 4.8 to 3.8 eV due to the Cs doping.
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